The effects of gellan gum gels and Murashige and Skoog (MS) inorganic salts at various strengths on the vase life of 'Rote Rose' rose cut flowers were investigated. To form the gels, gellan gum was dissolved with MS salts at various concentrations. To simulate the transport of cut rose flowers, stems were placed in gellan gum gels and held at 23°C for 24 h or 48 h. Cut flowers were then transferred into distilled water and their fresh weight (FW) and vase life were determined. According to the observed vase life and changes in FW, gels formed with 0.2% gellan gum and standard-strength MS salts appear to be the most suitable for cut roses. Although the hardness of gellan gum gel increases with increased concentrations of gellan gum and MS salts, no correlation between vase life and gel hardness was observed. To determine the potential water availability of gellan gum gel, gels were placed in a centrifuge filter device, centrifuged at 3000 × g for 10 min and the amount of water released from the gel was measured. A highly positive correlation between the amount of water released from the gel and water uptake of flowers placed in gellan gum gels was observed. A positive correlation between the amount of water released and vase life was also observed. Thus, using centrifugation to measure the volume of water released from gellan gum gels appears to be a simple and rapid method for evaluating the performance of gellan gum gels as wetting agents.
Introduction
The longevity of cut flowers is important for consumers (Imanishi et al., 1992) . The vase life of cut rose flowers is generally short (Ichimura et al., 1999) , and this has been attributed to vascular occlusion, which restricts water supply to the flowers (Mayak et al., 1974) . Vascular occlusions are thought to develop due to various factors, such as the growth of bacteria (van Doorn et al., 1989; Zagory and Reid, 1986) and the development of air emboli (Durkin, 1979 ; van Doorn, 1990) .
In Japan, cut flowers are usually dry-transported, and the vase life of dry-transported flowers has been shown to be shorter than that of wet-transported flowers (Hu et al., 1998; Miyamae at al., 2007) ; thus, the use of various types of wet transport has been increased in Japan. Usually, cut flowers are placed in a bucket containing water, which is called 'bucket transport' in Japan, but this method is not allowed for air transport.
As an alternative to 'bucket transport', various wetting agents have been used for wet transport, for example, gellan gum, an extracellular polysaccharide produced by Pseudomonas elodea. Okabayashi and Yamamoto (1998) reported that gellan gum is suitable for cut Gloriosa flowers. Other commercial wetting agents include polyacrylic acid and cotton-acryl fibers. In our preliminary experiments, a commercial agent made of gellan gum was best suited to maintaining the freshness of cut flowers among several commercial wetting agents; however, the subsequent vase life of cut flowers placed in these wetting agents was shorter than that of flowers placed in water, suggesting that these wetting agents are not suitable replacements for 'bucket transport'.
With gellan gum, cations such as K + and Ca 2+ are required to form a gel (Huang et al., 1995; Moritaka et al., 1992) . The physical properties of gellan gum gel are changed by cation concentration, as well as gellan gum concentration (Huang et al., 1995) . Further, the vase life of cut flowers may be affected by the physical properties 444 of gellan gum gel. Since Murashige and Skoog (MS) inorganic salt medium (Murashige and Skoog, 1962) has been widely used for in vitro plant culture, we expected that gellan gum gel formed with MS salts would not have adverse effects on the vase life of cut flowers. In a preliminary experiment, we investigated the effect of 0.2% gellan gum gel formed with 40 mM KCl or standard-strength MS salts, the total cation concentration of which is estimated to be 45.5 mM on the hydration of cut roses. Most cut flowers wilted during incubation in the gel formed with 40 mM KCl, but not in the gel formed with standard-strength MS salts, suggesting the preference for MS salts. In the present study, therefore, we investigated the effect of gellan gum gels at three levels and four concentrations of MS salts on the vase life of cut 'Rote Rose' roses.
Materials and Methods

Plant materials
Roses (Rosa hybrida L.) 'Rote Rose', harvested at normal harvest maturity (stage 2, as described by Ichimura and Ueyama, 1998) when the petals started to unfold, were obtained from a commercial grower in Ishioka City, Ibaraki Prefecture, Japan. After harvest, the cut ends of the flower stems were immersed in tap water and stored at 5°C overnight. The next day, the cut flowers were transported to the laboratory and used within 2 h for experiments. Before experiments, all flower stems were trimmed to 50 cm, and leaves on the basal 12 cm of the stem were removed. Each flower stem was weighed and this fresh weight (FW) was recorded as the initial FW.
Preparation of gellan gum gel
The MS inorganic salt powder (Murashige and Skoog Plant Salt Mixture; Wako Pure Chemical Industries Ltd., Osaka, Japan) was dissolved in 100 mL distilled water to make a stock solution. To prepare gels, the stock solution of MS inorganic salts was diluted with distilled water (DW) to 400 mL to give final strengths of 1/6, 1/4, 1/2 and standard MS. The pH of the solution was not adjusted, but the pH of 1/6, 1/4, 1/2 and standard MS solution was 5.1, 5.0, 4.9 and 4.8, respectively. Gellan gum (Wako Pure Chemical Industries Ltd.) was then added to give final concentrations of 0.2, 0.4, and 0.6%. To dissolve the gellan gum, the suspension was autoclaved at 121°C for 10 min. Prior to gelation, a germicide, CMI/MI solution (Legend MK; Rohm and Haas Japan K. K., Tokyo, Japan) containing 11.3 g·L −1 5-chloro-2-methyl-4-isothiazolin-3-one and 3.9 g·L −1 2methyl-4-isothiazolin-3-one as active ingredients was added to the suspension to give a final concentration of 0.5 mL·L −1 (Ichimura et al., 2006) , and 30-mL portions of the solution were transferred to 100-mL test tubes and cooled by allowing to stand at room temperature to form a gel. The solidified gel was kept overnight at room temperature prior to use in experiments.
Treatment of cut rose flowers
Individual cut flowers (6 flowers for each treatment) were placed in 30 mL gellan gum gel in a test tube and kept at 23°C under 70% relative humidity in darkness for 24 or 48 h. As a control, CMI/MI solution prepared in DW was used. Following incubation, 2 cm was cut from the basal end of each stem and the flowers were placed individually in test tubes containing 100 mL DW. Cut flowers were held at 23°C under 70% relative humidity, with a 12-h photoperiod at 10 µmol·m −2 ·s −1 PPFD from cool-white fluorescent lamps.
Evaluation of vase life and measurement of fresh weight and water uptake
Vase life was defined as the period from the placement of cut flowers in DW in test tubes to the time when the petals wilted. The FW and water uptake of cut flowers were measured daily from the start of the experiments. Relative FW was expressed as the percentage of FW to the initial FW. After re-cutting, the relative fresh weight was corrected by the following equation.
Relative FW = (FW/initial FW)/(FW before re-cutting/ FW after re-cutting)
Measurement of gel hardness
Gel hardness was measured with a soil hardness tester (No. 351-B; Fujiwara Factory, Tokyo, Japan), according to the manufacturer's instructions.
Measurement of water released from gellan gum
Gellan gum gel (ca. 1.5 g) samples from each concentration of MS salts were scooped up with a microspatula and placed in a centrifuge filter device (Ultrafree MC; 0.45 µm, Millipore, Medford, MA, USA) gently for preservation. The filter device was capped and centrifuged at 3000 or 10000 × g at room temperature for 10 min. The amount of water released from the gel was measured by weighing the gel before and after centrifugation.
Statistical analysis
Data were analyzed by one-way analysis of variance and Tukey-Kramer's multiple range test using Stat View software (v.5.0; SAS Institute Inc., Cary, NC, USA). Correlation coefficients were also determined by this software.
Results
Effects of gellan gum and MS salt concentrations on the vase life of cut roses
To clarify the lowest strength of MS salts that can form a gel, gellan gum concentration was set at 0.2% and the strength of MS salts was varied. Gels could not be formed at an MS strength lower than one-sixth of the standard MS medium.
When flowers were placed in gel formed with 0.2% gellan gum and the standard-strength of MS salts for 24 h, the fresh weight of cut flowers increased during incubation. This increase continued for one day, and then gradually decreased. This trend was similar to the control in which gel was not used. When flowers were placed in gels formed with other formulations, the fresh weight of cut flowers decreased during incubation and was associated with visible flower wilting. This decrease was greater for increasing concentration of gellan gum and decreasing strength of MS salts. When these wilted flowers were transferred to DW, FW increased once, but decreased thereafter (Fig. 1) .
The vase life of cut roses held in 0.2% gellan gum gel and standard-strength MS salts was the longest, and was equal to that of the control (Table 1) . The vase life of flowers placed in gel formed at 0.4 and 0.6% gellan gum tended to be short.
The rate of water uptake by cut flowers held in gellan gum gels was lower than that for control flowers throughout the experimental period (Fig. 2) . In particular, the rate of water uptake by flowers placed in gel formed with 0.2% gellan gum and 1/6 strength MS salts and 0.6% gellan gum and 1/2 and 1/4 strength MS salts was very low. The rate of water loss changed in a pattern similar to that of water uptake (data not shown).
Next, we investigated the changes in fresh weight, vase life, and water uptake of cut roses that had been placed in gel formed with 0.2% gellan gum and 1/2 and standard-strength MS salts for 48 h because flowers wilted markedly after placing in gels of other formulations. When flowers were placed in gellan gum gel formed with standard-strength MS salts for 48 h, fresh weight increased during this period (Fig. 3 ). This increase continued through the next day, and decreased thereafter. This trend was almost identical to that of the control. In contrast, flower fresh weights decreased during incubation in gellan gum gel formed with 1/2 strength MS salts, accompanied by visible flower wilting. The vase life of flowers placed in this gel was significantly shorter than that of control flowers (Table 2) . Water uptake of flowers placed in both gellan gum gels became lower than that of control flowers after the 2nd day (data not shown), and the rate of water loss changed similarly to water uptake (data not shown). Hardness and water release from gels of various concentrations of MS salts and gellan gum The hardness of gels increased with both increasing strength of MS salts and the concentration of gellan gum (Table 3) . ANOVA revealed that gellan gum concentration had a greater effect on gel hardness than the strength of MS salts (data not shown). To evaluate the potential water availability of gellan gum gels, gels were centrifuged at 3000 and 10000 × g, after which the amount of water released from gel was determined. For identical gellan gum concentrations, the amount of released water increased with increasing strength of MS salts at both centrifugal forces. The highest amount of water was released from gels formed with 0.2% gellan gum and standard-strength MS salts (Table 4) .
Correlation between vase life and water release
We determined the correlation coefficients between the amount of water released from gellan gum gels by centrifugation at 3000 × g and water uptake of cut flowers from gellan gum gels and vase life. A high positive correlation (r = 0.89) was observed between the amount of water released from gellan gum gels and water uptake of cut flowers from gellan gum gels (Fig. 4) . A relatively high positive correlation (r = 0.76) was observed between the amount of water released from gellan gum gels and vase life.
Discussion
To develop a wetting agent using gellan gum gel, the effects of gels produced with gellan gum and MS salts at various concentrations on the vase life of cut roses were investigated. Few differences in vase life and FW were observed between gellan gum gels formed with 0.2% gellan gum gel and standard-strength MS salts and DW (control) (Tables 1 and 2, Figs. 1 and 2 ), suggesting that this formulation is suitable for wet transport of cut roses. In contrast, cut roses wilted when placed in gellan gum gels formed with other compositions, suggesting that other formulations are unsuitable. In the present study, only MS salts were tested in gels because MS salts are known to be suitable for in vitro plant growth (Murashige, 1974) . Other formulations composed of other inorganic ions might be more suitable than MS salts.
Most cut flowers wilted during incubation in gellan gum gel except for 0.2% gel formed with standardstrength MS salts. When flowers were transferred to DW, most cut flowers rehydrated sufficiently, but vase life was relatively short (Tables 1 and 2 ). These results suggest that differences in vase life may be due to the amount of water taken up by cut flowers from gellan gum gel. A high positive correlation was observed between vase life and the amount of water released from the gel on centrifugation, suggesting that the vase life of flowers held in gellan gum gels is affected by the amount of water released from gel.
In the present study, a high positive correlation was observed between the amount of released water and water uptake and vase life. Thus, the measurement of the amount of water released from the gel by centrifugation appears to be a useful method for evaluating gellan gum gels. The amount of released water decreased with increasing gellan gum concentration or with decreasing MS salt strength; however, how gellan gum or MS salt concentration affects water release remains unclear. The water potential of gellan gum gel decreases with increasing concentration of gellan gum (Buah et al., 1999) . Since the matric potential of gellan gum gel is very small (Anno et al., 1999) , the water potential of gellan gum gel is mainly attributed to osmotic potential. In the present study, however, there was no positive correlation between vase life or water uptake and osmotic potential (data not shown). Thus, the water availability of gellan gum gel can not be explained by water potential. The physical properties of gellan gum gel, such as the size of the water compartment and permeability of the gel network are affected by the concentrations of gellan gum and cations (Ohtsuka and Watanabe, 1996) . Water availability of gellan gum gel may also be controlled by these properties. Water uptake of flowers placed in gellan gum gel was low (Fig. 2) . We observed a decrease in the water uptake of cut rose flowers that had been dry-transported (Ichimura and Shimizu-Yumoto, 2007) , suggesting that water stress decreases the rate of water uptake by cut roses. Since the amount of water taken up by cut roses was relatively low when placed in any of the gellan gum gels (Fig. 2) , low water uptake when placed in the vase may be attributed to water stress during transport. Levels of abscisic acid (ABA), a phytohormone, increase under water-stress conditions in many plants and exogenous ABA promotes stomatal closure of leaves (Mansfield and McAinsh, 1995) . Thus, the suppression of water uptake by cut flowers placed in gellan gum gel might be attributed to ABA.
To form gellan gum gels, various cations, such as K + or Ca 2+ , are required (Huang et al., 1995) . Gel hardness is known to be higher for increasing concentrations of cations or gellan gum (Huang et al., 1995; Klimaszewska and Smith, 1997) . Plant growth in vitro is affected by the hardness of the gellan gum gel formulations (Buah et al., 1999; Klimaszewska and Smith, 1997) . In the present study, we confirmed that gel hardness was greater with increasing concentrations of MS salts or gellan gum (Table 3) ; however, no correlation between gel hardness and vase life or water release was found (data not shown). Thus, gel hardness is not an important factor for the vase life of cut flowers.
The vase life of cut 'Rote Rose' flowers was relatively short, regardless of gellan gum gels used (Tables 1 and  2) . Continuous treatment with sugars including glucose, fructose and sucrose, is known to markedly extend the vase life of cut roses (Ichimura et al., 2006) . The vase life of cut roses was also extended when sugars were added to the wet transport solution (Hu et al., 1998; Ichimura and Shimizu-Yumoto, 2007) . These findings led us to hypothesize that gellan gum gel containing sugar may extend the vase life of cut roses. We are currently investigating this gel formulation.
The results in the present study were obtained using deacetylated type gellan gum. In addition to deacetylated gellan gum, native gellan gum has been used in the food industry (Morita et al., 1997) . The physical properties of native gellan gum markedly differ from those of deacetylated gellan gum (Chandrasekaran and Thailambal, 1990; Chandrasekaran et al., 1992) ; thus, the findings in the present study appear not to be applied to native gellan gum.
In conclusion, gel formed with 0.2% gellan gum and standard-strength MS salts was the most suitable formulation for wet transport of cut rose flowers. The amount of water released from the gel was positively correlated with vase life, and the effectiveness of this formulation could be attributed to water released from gel.
